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FOE" 22 year@ rnm hes had the  capab i l i ty  of m i n t a i n i n g  steady s t a t e  
f l i g h t  a t  speeds f a s t e r  than the  speed of sound. For almost a s  many 
years,  continuing p rogrms  of supersonic over f l igh t  experimentation 
have been conducted t o  i w r o v e  our knowledge and understanding of the 
eonie boom, a p h e n m n a  which i r  inescapably associated with super- 
sonic f l i g h t ,  Several survey pepera ex ia t ,  f o r  exaaqle, Referencee 1 
through 3, which have revirwsd t h e  chronology and t h e  e ign i f i can t  find- 
ings from over f l igh t  sxper imnta t ion .  The present  paper w i l l  u t i l i z e  
much of t h e  aoaterial previously preeented i n  those references ;  however, 
it i s  the authors '  i n t e n t  t o  add new and recent  mate r i a l  which w i l l ,  
i n  e f f e c t ,  update the  previous papers. I n  addit ion,  some recent  de- 
velopments i n  the  claims and l e g a l  a c t i v i t y  associated with t h i s  ex- 
perimentation permit us t o  obta in  an up-to-date view of t h e  l e g a l  and 
s o c i a l  c o s t s  associated with the  test  programs. Other recent  develop- 
ments i n  t h e  f i e l d  of sonic boom overpressure measuring instrumenta- 
t i o n  and i n  the  t h e o r e t i c a l  methods of s ignature p red ic t ion  a re  included. 
These developments a r e  expected t o  f a c i l i t a t e  fu tu re  sonic boom over- 
f l i g h t  s tud ies  and w i l l  enhance our a b i l i t y  t o  t h e o r e t i c a l l y  i n t e r p r e t  
t h e  r e s u l t i n g  e x p e r i m n t a l  f indings.  

- 
A p a p h i c a l  s r y  of t h e  United S ta tes  sonic over f l igh t  research 
i s  presented i n  Figure 1. This f igure  i s  an adaptat ion of a s imi lar  
f igure  used by Nixon i n  Reference 3. The f igure  has been arranged t o  
ind ica te  the  areas  of emphasis dlucing the  spec i f i c  over f l igh t  programs. 
The shading ind ica tes  p rogrms  d i rec ted  a t  understanding t h e  flow phe- 
nomena r e l a t e d  ea the  process of sonic boom generat ion and propagation, 

d tawards inves t igat ions  of s t r u c t u r a l  in te rac t ions  
programs di rec ted  towards psychoacoustic inves t iga-  

l y ,  programs designed t o  improve our understanding of 
the  in te rac t ion  of the  sonic boom with the  e a r t h ' s  atmosphere. From 

, t h e  f igure,  it is  observed t h a t  the  i n i t i a l  programs were r e l a t e d  p r i -  
marily t o  m i l i t a r y  inves t igat ions  and d e a l t  t o  a l a rge  extent  with the  
problem of sonic boom generation and propagation. The reason f o r  t h i s  
was tha t  the  i n i t i a l  sonic booms were general ly accidenta l ,  generated 
by mi l i t a ry  a i r c r a f t ,  and accordingly, it was des i rab le  t o  determine 
the  condit ions associated with the  generation of sonic booms. A s  a 
r e s u l t ,  t h e  m i l i t a r y  agencies found t h a t  it was poss ib le  t o  avoid sonic 
boom accidents  by the  conduct of t r i i n i n g  missions over sparsely pop- 
ulated areas  and by having t h e  a i r c r a f t  f l y  a t  s u f f i c i e n t l y  high a l t i -  
tudes thereby minimizing the  e f f e c t s  of sonic booms on the  g r o u d  ob- 
server.  The next period i n  the  overf l ight  research during the  l a t t e r  
1950's represented the  i n i t i a t i o n  of ac t ive  p a r t i c i p a t i o n  by t h e  
National Aklronautltes and fipaee Administration i n  inves t igat ions  of a 
phenomenon associated w%th sonPc $oms,  "PlrPa r e s e s e k  was =re gen- 
eral %n nature a d  prZmarily direceed a t  evaluating the influence of 
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a i r c r a f t  ope ra t iona l  parameters such a s  gross  weight,  Mach number, 
and a l t i t u d e  on the  sonic  boom overpressure magnitude. 

En 1960, t h e  p r o j e c t s  " L i t t l e  Boom" and "Big Boom" were conducted a t  
t h e  N e l l i s  A i r  Force Base. These s t u d i e s  were d i r ec t ed  towards t h e  
eva lua t ion  of t he  f e a s i b i l i t y  of us ing  t h e  sonic  boom a s  a  weapon 
and a s  such provided an e x c e l l e n t  oppor tuni ty  t o  study p o t e n t i a l  
s t r u c t u r a l  damage and phys io logica l  r e a c t i o n s  i n  the  presence of 
extreme sonic  boom overpressures .  The g r e a t e s t  overpressure reached 
i n  t h i s  s e r i e s  of t e s t s  was approximately 120 lb s .  per  square f o o t  
which was t h e  l a r g e s t  overpressure recorded t o  t h a t  da t e .  Af te r  t hese  
t e s t s ,  t h e  o v e r f l i g h t  programs were inf luenced by cons ide ra t ions  of 
t h e  development of a  commercial supersonic t r a n s p o r t .  I n  p a r t i c u l a r ,  
i t  i s  noted t h a t  t he  f l i g h t  experiments over S t .  Louis, Oklahoma Ci ty ,  
and f i n a l l y  a t  t h e  Edwards A i r  Force Base were conducted t o  eva lua t e  
t h e  psychoacoustic r e a c t i o n  of community groups t o  repeated supersonic 
o v e r f l i g h t s .  More r e c e n t  f l i g h t s ,  inc luding  the  s e r i e s  which termi-  
nated i n  1967, were conducted a t  Edwards AFB. These t e s t s  were high- 
l i g h t e d  by t h e  inc lus ion  of t he  XB-70 a i r c r a f t ,  which i s  t h e  l a r g e s t  
American supersonic a i r c r a f t  f l y i n g  today. The cu r ren t  experimenta- 
t i o n  i n  t h e  Pendleton, Oregon, a r ea  i s  u t i l i z i n g  t a r g e t  of oppor tuni ty  
f l i g h t s  of m i l i t a r y  a i r c r a f t  t o  eva lua t e  t h e  atmospheric e f f e c t s  on 
sonic  booms. 

111. SONIC BOOM GENEWATION AND PROPAGATION 

Sonic booms experienced by a  ground observer  a r e  t he  man i f e s t a t ion  of - 
t h e  aerodynamic flow f i e l d  about a  body t r a v e l i n g  a t  supersonic speeds. 
I n  an idea l i zed  uniform atmosphere, the  sonic  boom f e l t  a t  t h e  ground 
would be a  r e s u l t  of t h e  geometric spreading of t he  acous t ic  energy of 
t h e  supersonic flow f i e l d .  I n  t he  r e a l  atmosphere, the sonic  boom s i g -  
na tu re  i s  changed by atmospheric temperature g rad ien t s ,  inf luenced by 
t h e  wind p r o f i l e ,  and a l t e r e d  by propagat ion through tu rbu len t  a i r  
masses. The o v e r f l i g h t  s t u d i e s  d i r e c t e d  a t  understanding the  phys ics  
of sonic  boom generat  ion  and propagat ion have cont r ibu ted  cons iderable  
i n s i g h t  i n t o  the  mechanisms involved. Many of the  o v e r f l i g h t  s t u d i e s  
have r e s u l t e d  i n  q u a n t i t a t i v e  eva lua t ions  of the  mechanisms, however, 
some of t h e  mechanisms a r e  understood only i n  a  q u a l i t a t i v e  manner. 

a .  . Ty-pical s igna tu re s  measured dur ing  
o v e r f l i g h t  programs a r e  shown i n  F igure  2 .  It is  noted t h a t  re- 
g a r d l e s s  of t he  a i r c r a f t  s i z e ,  t h e  s igna tu re s  i n  genera l  can  be 
ca tegor ized  a s  "peaked, I t  "normal, I t  o r  "rounded." It i s  i n t e r e s t -  
i n g  t o  observe t h a t  f o r  t hese  s igna tu re s ,  the  dev ia t ions  from a  
smooth N wave r e l a t e d  t o  t h e  bow shock and t h e  t a i l  wave a r e  s i m i l a r .  
'Phis f a c t  was pointed out  by Kane and Palmer i n  Reference 4 and 
was pos tu l a t ed  a s  a  b a s i s  f o r  c o n t r i b u t i n g  t h e  e n t i r e  d i s t o r t i o n  
of t h e  s igna tu re  t o  propagation through atmospheric inhomogeneities.  
The s i g n a t u r e s  shown i n  the  f i g u r e  f o r  the  P-104, B-58, and t h e  
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B-78 a i r c r a f t  were respect ive ly  roughly 100, 200, and 386 n t i l l i -  
seconds i n  dura t ion ,  b o n g  people involved i n  sonic boom e q e r i -  
mentation, it i s  t h e  general  concensus t h a t  the rounded s ignature  
shape i s  markedly more acceptable from a psychoaeeust ic  s tand- 
point  than the  peaked s ignature  shape. %w Figure 3 ,  representa-  
t i v e  r?; wave graces a r e  presented f o r  the  SR-7%. a i r c r a f t  which I s  
capable of supersonic f l i g h t  i n  a l t i t u d e s  i n  excess of 70,'000 f e e t .  
These s ignatures  show the  increase  i n  s ignature  dura t ion  with in -  
creased a l t i t u d e  and a l s o  ind ica te  a tendency fo r  the  i n i t i a l  
shock wave t o  exh ib i t  a f i n i t e  r i s e  time before reaching the  peak 
overpressure. It i s  of i n t e r e s t  t h a t  the  t r a c e  for  an a l t i t u d e  
i n  excess of 70,000 f e e t  r e t a i n s  the  charac ter  of a f i n i t e  r i s e  
time s ignature  i n  s p i t e  of the  long propagation path. This could 
be in te rp re ted  as  a tendency fo r  the  s ignatures  t o  reach an as- 
ymptotic form a t  some intermediate a l t i t u d e  without f u r t h e r  ad- 
vance o r  sharpening p r i o r  t o  reaching the  ground. 

b. Flow Fie ld  Measurements. The flow f i e l d s  r e l a t e d  t o  the  B-58 and 
t h e  XB-70 bomber a i r c r a f t  have been explored by a unique experi-  
mental technique. This technique cons i s t s  of f l y i n g  an F-106 or  
F-104 probe a i r c r a f t  both above and below the bomber a i r c r a f t  and 
measuring the  pressure v a r i a t i o n  a t  d i f f e r e n t  r e l a t i v e  pos i t ions  
of the  two a i r c r a f t .  The r e s u l t s  of f l i g h t  kes t s  made using the  
XB-70 a i r c r a f t  a re  shown i n  Figure 4. A t  the  loca t ions  2,000 f e e t  
above and below the  XB-70, the  flow f i e l d  i s  observed t o  be c lose ly  
r e l a t e d  t o  the  de ta i l ed  geometry of the  a i r c r a f t .  The marked d i f -  
ferences between the  pressure  f i e l d  above and below the  a i r c r a f t  
a r e  a t t r i b u t e d  t o  the l i f t  cont r ibut ion  of the  a i r c r a f t ,  The 
probe measurements made 5,000 f e e t  below the  a i r c r a f t  show the  
tendency f o r  the individual  waves of the  flow f i e l d  t o  coalesce 
a t  more remote d is tances  from the  a i r c r a f t .  The s ignature  length, 
which i s  i n  the  order of two t o  three  times the  a i r c r a f t  length 
a t  ground l eve l ,  i s  observed t o  approach the  f a r - f i e l d  E9 wave 
shape with the  exception of one intermediate shock, f i i s  i n t e r -  
mediate shock would probably tend t o  coalesce with the  bow shock 
f o r  g rea te r  a l t i t u d e s  of t h e  generating a i r c r a f t .  

. Alt i tude  Ef fec t s .  The r e s u l t s  of experimental ove r f l igh t s  with 
F-104 and P-105 a i r c r a f t  during programs a t  H e l l i s  N B  i n  1960 
and Edwards AFB i n  1961 show graphical ly,  Figure 5, the  e f f e c t  
of increased a l t i t u d e  on t h e  sonic boom s ignature  shapes. During 
t h i s  program, the  120 psf overpressures were measured. These 
measurements and the  measured overpressures of 144 psf reported 
i n  Reference 5 a r e  probably the  l a r g e s t  overpressures from sonic 
booms t h a t  have been recorded by man. The c o q u t a t i o n a l  procedures 
of Carlson and Middleton (Reference 6)  p red ic t  reasonably accura te ly  
the  loca t ion  and magnitude of the  majoriey of the  shocks i n  Figure 5. 
The atmospheric propagation f o r  t h a t  coqufrat ion was accounted fo r  
by the method of Friedman, Kane, and S iga l l a ,  Reference 7 .  m i s  
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technique e f f e c t i v e l y  c o n s i s t s  s f  u t i l i z i n g  a  mult iplying f a c t o r  
t c 9  increase the  s ignature  overpressure c o q u t e d  under t h e  ass-- 
kion nf uniform atmospheric condi t ions ,  h e  point  t o  be observed 
i s  t h e  tendency, a t  the  higher a l t i t u d e  and Mach numbers, f o r  t h e  
t a i l  crave t o  be t h e o r e t i c a l l y  estimated a t  a  loca t ion  a f t  of the  
e v e r i m e n t a l l y  r ea l i zed  value.  This c h a r a c t e r i s t i c  has been ob- 
served i n  other  ca lcu la t ions  of high a l t i t u d e  o r  higher Makh number 
r e s u l t s  and w i l l  be discussed fu r the r  i n  sec t ion  VI%, m e  e f f e c t  
of a l t i t u d e  on overpressure and impulse fo r  the  B-58 and F-184 
a i r c r a f t  i s  shown i n  Figure 6. The c o q a r i s o n  with the  $haoret icalby 
expected a l t i t u d e  v a r i a t i o n  indicated on the  f igure  shows reason- 
ably good agreement with t h e  measureraents for the  opera t ional  range 
inves t iga ted ,  The increase  i n  overpressure and i m u l s e  associa ted  
with the  l a rge r  a i r c r a f t  i s  c l e a r l y  indicated i n  the  f igure .  It 
%s noted t h a t  these  values a r e  cu r ren t ly  being experienced as the  
r e s u l t  of rou t ine  m i l i t a r y  operat ions.  A s imi lar  p l o t  of the  var-  
i a t i o n  of peak overpressure with a l t i t u d e  i s  presented f 9 r  the 
SR-71 a i r c r a f t  i n  Figure 7. A t  present ,  the  ca lcula ted  sonic boom 
e k a r a s t e r i s t i c s  and a l t i t u d e  values of t h i s  a i r c r a f t  a r e  not  ava i l -  
abbe t o  the  general publ ic .  The p l o t  does indicaee,  however, t h a t  
by c o q a r i s o n  with the  B-58 a i r c r a f t ,  which i s  s imi lar  i n  s i z e  and 
weight ,  t h a t  no unanticipated trends were experienced, else t he  
f i g u r e ,  each sgnr;bo% represents  an individual  mission with the  s o l i d  
synbsls representing the  average measurements from a  l a rge  number 
of microphones. There i s  a  s l i g h t l y  d i sce rn ib le  t rend i n  the  rneas- 
urenaents taken during the  sumertinae, and t h i s  v a r i a t i o n  i s  a t t r l b -  
u&ed t o  t h e  l e s s  quiescent atmospheric condit ions t h a t  ex i s t  at 
t h a t  E i m e  of the  year. 

d ,  . The p red ic t ion  of the  spread of the  sonic boom 
carpet  i s  general ly well  defined and the  procedures have been ex- 
perimental ly confirmed. A s  a  rough r u l e  of thumb, the t o t a l  l a t -  
e r a l  spread i n  miles may be r e l a t e d  t o  the  a i r c r a f t  a l t i t u d e  i n  
thousands of f e e t .  For example, i n  Figure 8 the  l a t e r a l  spread 
of the  B-70 sonic boom t r a c k  when generated a t  a l t i t u d e s  of 37 
and 60,000 f e e t  i s  roughly i n  the  order  of 35 and 60 miles r e -  
spect ive ly .  While the  charac ter  of the  l a t e r a l  spread i s  well 
predicted,  i t  i s  seen t h a t  the re  i s  some d i f f i c u l t y  i n  p red ic t ing  
the  ac tua l  point  of l a t e r a l  cut -off .  This c h a r a c t e r i s t i c  i s  ob- 
served again i n  Figure 9 f o r  f l i g h t s  of the  SR-9% a i r c r a f t ,  I n  
F igure  18, the  ac tua l  s ignature  t r a c e s  a t  varying l a t e r a l  d is tances  
from the  ground t r a c k  a r e  given f o r  the  SR-71 a i r c r a f t  a t  an a l t i -  
tude i n  excess of 70,000 f e e t .  It i s  seen t h a t  a s  the  d is tance  
from the  f l i g h t  t r ack  increases,  the  s ignatures  tend t o  become 
rounded with an increased r i s e  time. A t  t he  d is tance  of 26.8 n.mi. 
from the  f l i g h t  t rack ,  which i s  very near t o  l a t e r a l  cu t -o f f ,  the  
sonic boom signature tends t o  degenerate i n t o  an approximate s ine  wave. 
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Wavefront Ground In te r sec t ion .  'khe da ta  presented i n  the  pre-  
vious sec t ion  an the  l a t e r a l  spread s f  tke  overpressures has been 
tim corre la ted u t i l i z i n g  radtir t racking data  t o  define a i rp lane  
pos i t ion .  F r m  the  time c o r r e l a t i o n  of the  measurements i t  was 
then poss ib le  t o  def ine  the  s h o c h w e  ground i n t e r s e c t i o n  shown 
i n  Figure 11. As was an t i c ipa ted ,  the  i n t e r s e c t i o n  of the  a i r -  
c r a f t ' s  Mach cone with the  ground a p p r o x h a t e l y  forms a h p e r b o l a .  
Ueing the  ca lcu la t ion  mthod  of k f e r e n c e  8, ground i n t e r s e c t i o n s  
were estimated using both a homogeneous and the  ac tua l  atmosphere. 
The ca lcu la t ions  u t i l i z i n g  the  homogeneous atmosphere tend t o  
i n t e r s e c t  the  ground t r a c k  th ree  t o  four miles behind the  calcu- 
l a t i o n s  made w i t h . t h e  ac tua l  atmosphere. This i s  a t t r i b u t e d  t o  
the  lack of r e f r a c t i o n  of the  acoust ic  ray  pa ths  i n  the  absence 
of atmospheric temperature gradients .  The agreement with the  
ca lcu la t ions  using the  ac tua l  atmosphere and the  experimental 
da ta  is  considered t o  be qu i t e  s a t i s f a c t o r y .  It i s  i n t e r e s t i n g  
t o  note t h a t  the  a i r c r a f t  i s  approximately 20 mtles beyond the  
point  on t h e  ground at-which the  boom i s  observed. 

f .  . Inves t iga t ions  of the  atmospheric e f f e c t s  
on sonic boom s ignatures  a re  considered of primary current  import- 
ance. ~ c c o r d i n g l ~ ,  i n  the  present  meeting, a  paper by Angell, 
Herbert, and Hass (Reference 9) w i l l  explore t h i s  subject  i n  some 
depth. It is ,  however, considered des i rab le  i n  the  present  survey 
t o  include fo r  completeness some representa t ive  r e s u l t s  which were 
s i g n i f i c a n t  i n  point ing up the  i q o r t a n c e  of the  problem of sonic 
boom atmospheric in te rac t ions .  The pressure s ignatures  presented 
i n  Figure 12 were measured by f l i g h t s  over a  l i n e a r  microphone a r -  
r ay  with microphones spaced a t  200 foot  in te rva l s .  The recorded 
waveforms i n  the  d is tance  of t h e  800 foot  a r ray  vary f r m  s h a q l y  
peaked s ignatures  t o  extrenzely rounded s ignatures  with maxi 
overpressures d i f f e r i n g .  by a f ac to r  a s  g r e a t  a s  three .  Since 
these  easurements  were taken under moderately turbulent  atmos- 
pheric condit ions,  it was h p o t h e s i z e d  t h a t  the  rapid  s ignature  
v a r i a t i o n  was associated with inhomogeneities i n  t h e  atmosphere. 
To i s o l a t e  t h e  s e p n t s  of the  atmosphere whtch contr ibuted t o  
t h e  d i s t o r t i o n  of the  sonic boom s i rna tu re ,  ~ a s u r e n n e n t s  were m d e  
by the  technique indicated on Figure 13. Tke ' % l i q , "  which had 
a microphone mounted i n  a  mnner  t o  minimize in te r fe rence  with the  
sonic boom measurean t s ,  was flown a t  a l t i t u d e s  up t o  2,600 f e e t .  
k c o r d i n g l y ,  i t  was able  t o  pene t ra te  f a % r l y  deeply i n t o  the  upper 
reaches of  the  e a r t h ' s  boundary l aye r  and sonic barn s ignatures  
were nreasured which had passed only through a smarll s e p n t  of 
the  e a r t h ' s  boundary layer .  The irrc'ident shochaves  were o f t e n  
observed t o  be sharp, u d i s t o r t e d  N waves whereas the  r e f l e c t e d  
shwks  which traversed the  ear th"  boundary l aye r  t o  the  ground 
and returned t o  the  &l%q were considerably d i s t o r t e d .  aiese 
measurements tend t o  indfea te  t h a t  the  m j o r i t y  of the  d i s t o r t i o n  
occurs in t he  lower a l t%tude  t m b u l e n t  a i r  msses even though on 
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occasions the inc ident  waves a t  the  b l i q  l eve l  d i d  ind ica te  some 
d i s t o r t i o n .  A recent  s c a t t e r i n g  mechanism has been proposed by 
Crow (Reference IQ) which o f f e r s  grea t  p o t e n t i a l  i n  defining the  
mechanism of sonic boom a tmspher ic  i n t e r a c t i o n ,  However, f u r t h e r  
experimentation i s  believed t o  be necessary t o  quan t i t a t ive ly  sub- 
s t a n t i a t e  the  s c a t t e r i n g  theory. 

, The subjec t  of a q l i f i c a t i o n  of sonic boom 
overpressures due t o  a i r c r a f t  maneuvers has been inves t iga ted  for  
many years.  Attenqpts have been made t o  measure the  maneuver ampli- 
f i c a t i o n  f a c t o r s  f o r  turning maneuvers, l i n e a r  accelera t ions ,  and 
porpoising maneuvers. The very excel lent  experimental work of the  
French i n  p r o j e c t s  "Focalization" and t t Jer ichol t  and the  procedures 
developed by Guireaud a re  described i n  the  present  conference 
(References 11 and 12). I n  an ea r ly  Edwards AFB t e s t  program, a 
s e r i e s  of l i n e a r  accelera t ing  maneuvers was made and the  experi-  
mental overpressure measurements taken along the  ground t r ack  a re  
shown i n  Figure 14. I n  t h i s  f igure ,  the  r e s u l t s  from chree in-  
dependent f l i g h t s  have been normalized t o  the  zerb d is tance  along 
the  ground t r ack .  A s  noted on the  schematic sketches,  the  ground 
zero point  occurs a t  the  loca t ion  where the  superboom f i r s t  touches 
the  ground. Further  down the  t r ack ,  the  sonic boom separates i n t o  
two separa te  shock waves with the  t r a i l i n g  shock r e s u l t i n g  i n  
weaker overpressures because it was generated a t  an e a r l i e r  point  
i n  time and hence experienced more d is tance  a t tenuat ion .  I n  t h i s  
s e r i e s  of accelera ted  f l i g h t s ,  the  maximum ampl i f ica t ion  of the  
sonic boom overpressure was approximately three  times the  value of 
the  unamplified sonic boom. It i s  i n t e r e s t i n g  t o  note t h a t  acous- 
t i c  ray t r ac ing  techniques have been u t i l i z e d  t o  p r e d i c t  the  loca- 
t i o n  of the  superboom and have, i n  many cases,  been accurate wi th in  
three  miles. 

A second motion of the  a i r c r a f t ,  namely, a propoising f l i g h t ,  was 
studied t o  determine i f  t h i s  type of motion could be a cont r ibutor  
t o  the  v a r i a t i o n  of s ignatures  along a l i n e a r  ray  a s  indicated i n  
Figure 12. I n  t h i s  t e s t ,  a s e r i e s  of f l i g h t s  a t  an a l t i t u d e  of 
35,000 f e e t  and Mach number of 1.5 were made with an F-106 a i r c r a f t .  
A s  i s  shown i n  Figure 15, the  motion of the  a i r c r a f t  produced a 
p lus  and minus 0.5g normal accelera t ion .  The per iod  of the  motion 
was one second which corresponds t o  wave lengths of approximately 
1600 f e e t .  A t t e m p t s  w e r e  made t o  c o r r e l a t e  t h e  experimental over- 
pressure v a r i a t i o n s  with the  wme length of the  a i r c r a f t  motion t o  
see i f  the  per turbat ions  about the  f l i g h t  t r a c k  r e s u l t e d  i n  cor-  
responding shochave  per turbat ions  which would be prapagated t o  
the  ground. It was not  poss ib le  from t h i s  da ta  t o  obta in  so r re la -  
t i o n s  with any prefer red  wave length. Wken t h e  roo t  mean square 
overpressure d i f fe rence  was p lo t t ed  as  a function sf separa t ion  
d is tances  between two gleasuring microphones, it was found t h a t  the  
da ta  f o r  s teady and porpoising over f l igh t s  e s s e n t i a l l y  coincided. 
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While t h i s  might i q l y  t h a t  va r i a t ions  of the overpressure made 
from these  f l i g h t s  could be e s s e n t i a l l y  contr ibuted t o  atmos- 
pheric e f f e c t s ,  some recent  c o q u k a t i o n s  ind iea te  t h a t  the  var- 
i a t i o n s  may be due t o  the  porpoising m t i o n .  Accordingly, it i s  
believed t h a t  more t h e o r e t i c a l  and ewer imenta l  inves t iga t ions  
of t h i s  phenomenon would be des i rab le ,  

h. . The l a rge  number 
of experimental overpressure measurements f a c i l i t a t e s  the  s t a t i s -  
t i c a l  presenta t ion  of the  peak overpressure v a r i a t i o n .  For ex- 
ample, i n  Figure 16, measurements made on the  XEI-70 a i r c r a f t  a re  
shown on a log normal p robab i l i ty  p l o t .  Otherwise expressed, 
the  p robab i l i ty  of the  measured value exceeding o r  being l e s s  
than the  ca lcula ted  overpressure i s  presented. A s t r a i g h t  l i n e  
through the  da ta  po in t s  ind ica tes  t h a t  the  overpressures measured 
form logari thmical ly a  normal o r  Gaussian d i s t r i b u t i o n .  Also ob- 
servable on t h i s  type of a  p l o t  i s  the  f a c t  t h a t  the  v a r i a t i o n s  
of p lus  o r  minus one standard devia t ion  l i e  between the  p robab i l i ty  
of .16 and .84. Extending t h i s  t o  two standard devia t ions  would 
include 95.5% of a l l  da ta  presented.  I n  Figure 16, the  s t r i k i n g  
d i f fe rence  between da ta  taken i n  the  sumert ime and i n  the  winter  
months i s  indicated.  A much g rea te r  v a r i a b i l i t y  i s  noted during 
the  summer months when the  atmosphere i s  inc l ined t o  be l e s s  s t a b l e .  
A s imi la r  p l o t  of wintertime v a r i a b i l i t y  f o r  three  d i f f e r e n t  a i r -  
c r a f t s ,  ( the XB-70, the  B-58, and the  F-104), i s  shown i n  Figure 17 .  
While these a i r c r a f t  a r e  considerably d i f f e r e n t  i n  s i z e ,  it i s  ob- 
served t h a t  the  p robab i l i ty  curves a re  e s s e n t i a l l y  s imi lar  ind i -  
ca t ing  t h a t  a i r c r a f t  s i z e  i s  not a  s trong fac to r  i n  the s t a t i s t i c a l  
v a r i a b i l i t y  of overpressure measurements. 

The s t a t i s t i c a l  v a r i a b i l i t y  of the  sonic boom bow wave r i s e  time 
normalized by peak overpressure value i s  presented fo r  the  SR-71 
a i r c r a f t  i n  Figure 18. Rise time was measured a s  the  time from 
t h e  onset  of the  bow shock overpressure r i s e  t o  the  t i m e  of the  
maximum overpressure. The overpressure values used t o  normalize 
the  r i s e  time da ta  were general ly on the  order of one psf and 
therefore  the  histogram e s s e n t i a l l y  represents  the  d i s t r i b u t i o n  
of r i s e  time values.  It i s  observed t h a t  the  most frequently oc- 
curr ing  value of the  rise t i m e  i s  approximately 40  mil l iseconds.  
The longer r i s e  time values were associated with the  rounded wave 
forms and shor ter  r i s e  t i m e s  a r e  associated wikh peaked wave forms. 
An addi t ional  presenta t ion  of the  normalized r i s e  time i s  presented 
i n  Figure 19. This presenta t ion  a t t e q t s  t o  e q k o r e  the  e f f e c t s  
of f l i g h t  condit ions o r  s p e c i f i c a l l y  of a l t i t u d e  on the  SR-71 r i s e  
time. The da ta  symbols represent  the  average of a  l a rge  number of 
f l i g h t s  taken wi th in  +3 n.mi. of the  ground t r ack  and the  v e r t i c a l  
extent  of the  l i n e s  i z d i c a t e s  the  s c a t t e r  i n  the  experimental da ta .  
While it i s  d i f f i c u l t  t o  speci fy  absolute trends from daka with 
such l a rge  s c a t t e r ,  it is  poss ib le  t o  observe t h a t  there  i s  a tend- 
ency fo r  the  r i s e  time t o  be l a rge r  a t  the  higher a l t i t u d e s .  A 
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poss ib le  explanat ion s f  t h i s  t rend  may be r e l a t e d  t o  the develop- 
ment of the  age var iable  of the  s i g n a l  and i t s  approach to an 
asyanptotic l i m i t  b u t  a assre probable e q l a n a e i a n  i s  re laced  t o  
atmospheric ef f eccs  , Beyond the a s m t o t % c  L i m i t ,  f u r t h e r  sharpen- 
ing  of the s igna tu re  i s  not  probable and correspondingly,  atmos- 
phe r i c  s c a t t e r i n g  may e f f e c t i v e l y  th icken  the  shock f r o n t .  Is- 
r e s p e c t i v e  of t he  cause,  t h e  tendency f o r  t h e  SR-71 a i r c r a f e  t o  
produce s igna tu re s  with a f i n i t e  r i s e  t i m e  cont inues  t o  be demon- 
s t r a t e d  by r ecen t  o v e r f l i g h t  measurements made i n  Pendleton, Oregon. 
Since increased  r i s e  time i s  considered t o  be  a favorable  ckarac- 
t e r i s t i c  from sub jec t ive  response cons ide ra t ions ,  these  d a t a  w i l l  
be examined i n  d e t a i l  t o  e w l o r e  the  parameters  c o n t r i b u t i n g  t o '  
t h i s  favorable  s igna tu re  c h a r a c t e r i s t i c ,  

IV. SONIC B O a  EFFECTS OM EMRBMm 

Since t h e  sonic  boom i s  a r a p i d  t r a n s i e n t  p re s su re  pu l se ,  it i s  ap- 
parent  t h a t  i t  may have the  p o t e n t i a l  of producihg adverse phys ica l  
and psychological  e f f e c t s  ow people,  animals,  and s t r u c t u r e s ,  Accord- 
ing ly ,  a l a r g e  nhlmber of t h e  o v e r f l i g h t  s t u d i e s  were d i r e c t e d  a t  eva l -  
ua t ing  these  p o t e n t i a l  e f f e c t s  and a t  a t t e q t i n g  t o  q u a n t i t a t i v e l y  
r e l a t e  t h e  magnitudes of s t r u c t u r a l  and psychoacoustic i n t e r a c t i o n s  
t o  t he  c h a r a c t e r i s t i c s  of sonic  boom s igna tu re s .  The t e s t s  prev ious ly  
mentioned t o  eva lua t e  t he  f e a s i b i l i t y  of using t h e  sonic  boom as  a 
weapon produced e s s e n t i a l l y  nega t ive  r e s u l t s  and the  balance of the  
o v e r f l i g h t  t e s t i n g  was d i r e c t e d  a t  t h e  genera l  a c c e p t a b i l i t y  of over- 
land supersonic f l i g h t  i n  terms of psychoacoustic r e a c t i o n s  and po- 
t e n t i a l  s t r u c t u r a l  damage. 

a .  The cha rac t e r  of t he  t r a n s i e n t  s t r u c t u r a l  
loading i s  i nd ica t ed  i n  F igure  20. The a i r c r a f t  i s  approaching 
the  buklding from l e f t  t o  r i g h t  and i n i t i a l l y  t h e r e  i s  a racking 
load followed by a per iod  dur ing  which the  p o s i t i v e  p re s su re  pu l se  
engul fs  t he  b u i l d i n g .  This  inward p re s su re  loading is quickly r e -  
versed a s  t he  negat ive p o r t i o n  of t he  p re s su re  pu l se  passes  over 
t he  bu i ld ing  and then  f i n a l l y  a s  t he  ta i lwave  passes  t h e  bu i ld ing  
r ece ives  a second racking load. The response of a bu i ld ing  t o  a 
t y p i c a l  sonic  bssw s t i m u l i  i s  shown i n  F igure  21. The sonic  boom 
s igna tu re  i l l u s t r a t e d  i n  t h i s  f i g u r e  i s  of t h e  "spikey" cha rac t e r  
wi th  the peak overpressure j u s t  s l i g h t l y  u d e r  1 .5  psf  and a dura- 
t i o n  of approximately 100 mi l l i seconds .  From t h e  measuremnts  
made i n s i d e  of t he  house, it i s  observed t h a t  t h e  overpressure ' 
l e v e l s  a r e  considerably reduced and t h a t  t he  wave form i s  markedly 
a l t e r e d ,  The curve labe led  "Noise" r e p r e s e n t s  measuremnts  made 
with a f i l t e r  which passed acous t i c  s i g n a l s  i n  t he  audib le  range.  
The a q l i t u d e  of t h i s  s i g n a l  i s  an order  of magnitude lower than  
the  in te rna l  pressure pu l se .  A lower curve l ab l ed  f l a c c e l e ~ a t i o n t '  
i nd ica tes  the  v ibra t ions  s f  t he  f l o o r  which would be sensed d i r e c t l y  
o r  through the  f u r n i t u r e  i n  the  room, mis c h a r a c t e r i s t i c  i s  a 
d i r eek  response $0 both the  ou t s ide  p re s su re  pulse  and the  i n s i d e  
pressure oscillations, Because sf the  e o ~ a r a t i v e l y  favorable 
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psychoacourticrl evaluation of f i n i t e  r i o e  ti- eonie boom p ig -  
natureo when heard outdoora, it i r  considered desirable t o  eval- 
uate  the  rerponse of building s t ruc tures  t o  these signatures t o  
determine if the s t ruc tu r a l  charec te r i s t i ce  of the  bui ld ing  o f f -  
s e t  the  d e e i r d l e  character ise ics  of the signature on the  fadoor 
observer s . 
Buring the  overf l ight  program a t  Edwards A i r  Force Base, it  was 
poesibbe t o  evaluate the e f f ec t s  of sonic booms of considerably 
d i f f e r en t  duration on the  accelera t ion of walls  of one- and two- 
s to ry  houses. The r e su l t 8  of the  wall accelera t ion masurarnents 
a r e  shown i n  Figure 22 and a re  given for  overpressures up $0 4.4 Ibs. 
per square foot .  While the three  d i f f e r en t  a i r c r a f t  used had s i g -  
nature durations of one, two, and three hundred mi f l i s ecods ,  i% 
i s  d i f f i c u l t  from the f igure  t o  discern di f ference responses for 
the  d i f f e r en t  a i r c r a f t .  It i s  a l so  observed t ha t  a t  the maxima 
ove rp r~s su re s  experienced i n  ' these t e s t s ,  the war1 accelerations 
were considerably below-the value s e t  a s  a c r i t e r i a  for  s t r uc tu r a l  
damage. 

b. . A m j o r  feature  of the  recant Edwarde MB 
t e s t s  was t ha t  of rreasuring the  psychoacoustic reactions of suB- 
j ec t s  t o  s o ~ i c  b o w  over f l igh t re -  These react ions  were evaluated 
i n  terms of a -re f m i l i a r  nofre; namely, the  noise of a i r c r a f t  
flyovers. Sabjectr were selected from nearby comuni t iee  and were 
exposed i n  random order t o  pa i r s  of subsonic a i r c r a f t  flyover8 and 
sonic booms generated by d i f f e r en t  a i r c r a f t  a t  d i f fe ren t  overpres- 
sure l eve l s ,  The evaluated experiaental  data  i s  preeented i n  
Figure 23 where the  large shaded area represents not only e v e r i -  
mental s ca t t e r ,  but the di f ference between %he subjective reactions 
of subjects located ins ide  houses and eubjeeke located out-sf-doore, 
The lower boundary of the shaded region was generally related to 
indoor subjective response, Tkio erne of cqarbsamz its sowwhat 
l imited i n  value because weighting fac tor@ with respect  t o  dura- 
t ions  and pure toner of the flyover noise were not included and 
the  sonic born signatures were not weighted i n  terms of signattare 
r i s e  ti= which i r r  knwn t o  r e s u l t  i n  a r e l a t i v e  reduction of the  
sonic boom annoyance level .  

c .  Seismic Effecto. It has been poctulated t ha t  the  a f f ec t@ 0%: elae 
ound-induced wtFon  might be an area for  concern, - 

kcord ing ly ,  ground-induced m t i o n r  resu l t ing  from aver f l igh t s  by 
f igh te r  and bomber a i r c r a f t  have been ~ e a s u r e d  i n  terms of the 
three coqonents  of the  ground acceleration.  Mea@u'I:cmat of ehe 
ground p a r t i c l e  veloci ty  p r e ~ e n t s d  a s  a function of ti= $a given 
i n  F9gure 24, lPhir prsasura wave resul ted f r m  eke sonic boom 
produced by a B-58 a i r c r a f t  and the theore t ica l ly  an t i c ipa ted  
values m e  indicated by the dashed curve. me highest values 0% 

the  pareicle veloci ty  are  associated with eke passage of the bow 
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a d  t a i l  shockwave end are the  eqected m t i o n  of an e l a s t i c  
surface  u d e r  a t ransient  Isad. me s q e r i q s s e d  lower-awlitude 
higher-frequemy var i a t ions  s n  the  t i m e  h i s t o r y  record are due 
i n  p a r t  t o  the  Rayleigh w w e  phenamna. A large  nmber of ground 
p a r t i c l e  v e l o c i t y  rrse?asuremeweSs m e  presented i n  Figure 25 a s  a 
funct ion  of sonic born overpressure,  E t  i s  noted t h a t  the  maximum 
p a r t i c l e  ve loc i ty  i s  i n  the  order  of 250 microns pe r  s e e s d .  %lais 
value i s  l e e s  thaw one percent  of the  damage threshold c r i t e r i a  
now reconnnended by the  U. S, Bureau of Mines. Otherwise expressed, 
earthquake damge i s  considered t o  be aseociated with 2artt1cle ve- 
l o c i t i e s  approximtely  100 t i m a  the  values indica ted  i n  Figure 45. 

d .  Ef fec t s  on Other Ai rc ra f t .  I n  the  I963 Edwardo over f l igh t  program, 
the  quest ion of poss ib le  shochave  e f f e c t s  frord a supersonic a i r -  
c r a f t  a s  it paesea over a small subsonic a i r c r a f t  w& inves t iga ted .  
Several l i g h t  a i r c r a f t  were knstrumnted f o r  accelera t ions  and were 
overflown by the  sonic boom generat ing d r c r a f k  tlkich generated 
sonic boome frann one t o  16 ps f .  k e e l e r a t i o n e  of the  instruraented 
a i r c r a f t  were a l s o  m a s w e d  when k t  was parkad on the  g r o u d  a d  
during maneuvered f l i g h t s .  31ypkcal r e s u l t s  of t h e  sonic booms an 
the  l i g h t  a i r c r a f t  are s h a m  i r r  Figure 26, Nomal accelera t ions  
experienced by the  a i r c r a f t  on the ground a r e  observed t o  be ap- 
proximately 0.3 g ' s  whereas the  a i r c r a f t  f n  c r u i s e  e w e r i e m e d  an 
appreciably emaller accelera t ion ,  By e o q a r i s o n ,  the  accelera t ions  
when teusiing over a rough r u m w  or  i n  a i r  turbulence a re  both 
shown on the  f i g u r e  and the  l a g t a r  accelera t ions  a r e  g rea te r  than 
those experienced during the  sonic boom over f l igh t s .  One bbsemer 
i n  a C m m h e  a i r c r a f t  noted t h a t  the  16 psf s s a i c  boom was heard 
i n  c r u i s e  f l i g h t  a s  a. mufflad s o u d  and that &he only visible ef- 
f e c t  on the  a i r s r a f t  was a s l i g h t  movcmnst of the window. Hae? was 
attenqpting t o  observe the  wing a u r f e e  for pssalbka o i l  canning 
but was unable t o  d e t e c t  a%sgr d i a t o r t i o a  due tn the passage of shack- 
wave, It i s  general ly coneluded as a resufe of kkaae t e s t a  that 
sonic booms do not c o n s t i t u t e  a. hazard f o r  stl~er asreraft ia f l i g h t  
o r  on the  ground, 
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COSTS OF SONIC Boot4 EmERI%mATIUN 

me United S t a t e shae t ive  envslvement i n  sonic  boom re sea rch  has  pro-  
vided s i g n i f i c a n t  i n s i g h t  i n t o  the  l e g a l  and s o c i a l  c o s t s  of t h i s  
type of e w e r i m e n t a t i o n ,  Four ex tens ive  t e s t  programs which were 
conducted i n  a f i e l d  community environment w i l l  b e  considered i n  t h i s  
s e c t i o n  i n  germs of t h e i r  economic a spec t s  a s  m a s u r e d  by t h e  asso-  
c i a t e d  c o s t s  and, when appropr ia te ,  dmage  c la ims .  S p e c i f i c a l l y ,  
t h e s e  experiments a r e  t h e  (1) S t ,  b u i s  Cornunity Response Study, 
(2) Oklahoma Ci ty ,  Bklaksma, Publ ic  Reaction Study, (3) S t r u c t u r a l  
React ion Program, mite Sands M i s s i l e  Range, New Mexico, and ( 4 )  
Sonic Boom Experiments a t  Edwards A i r  Force Base, Ca l i fo rn i a .  

a.  

The S t .  Louis program was conducted dur ing  the  per iod  J u l y  1, 
1969, through January 31,  1962, w i th  t h e  United .Skates  A i r  
Force, Nat ional  Aeronautics and Space M m i h i s t r a t i o n ,  and t h e  
Bederal Aviat ion Administrat ion p a r t i c i p a t i n g .  This  program 
u t i l i z e d  B-58 and P-186 a i r c r a f t  t o  genera te  a t o t a l  of seventy- 
s i x  (76) booms, over a seven-month per iod ,  wi th  a maximum over- 
pressure  of 3.1 psf  and an average of 2 .0  p s f .  Since t h i s  was 
b a s i c a l l y  a m i l i t a r y  t r a i n i n g  ope ra t ion  r a t h e r  than  a sonic  boom 
re sea rch  program, overpressure and v a l i d  claims d a t a  was obta in-  
ab l e  only dur ing  an 11 day per iod .  &Iring t h i s  per iod ,  sve rp re s -  
su re s  from 16 booms were recorded and 165 damage e la ims  were in -  
v e s t i g a t e d  by p ro fe s s iona l  engineers .  The cornuni ty  response 
personal  in te rv iew s t u d i e s  cons i s t ed  of a t o t a l  o f  1,145 i n i t i a l  
in te rv iews  followed by a re - in te rv iew of t h e  respondents a t  a 
Later da te .  The approximate c o s t  of ob ta in ing  t h e  overpressure,  
damage, and pub l i c  r e a c t i o n  d a t a  was $100,000.00. m e  c o a t  f o r  
a i r c r a f t  opera t ions  f s not gncluded s i n c e  t h e  t r a i n i n g  c h a r a c t e r  
of t h e  program made it d%ff i cu l%:  t o  d e l i n e a t e  t h e  pure ly  r e sea rch  
c o s t s .  The f i n a l  number of damage c la ims  f i l e d  as a r e s u l t  of 
t h e  program was 1,624 f o r  a value s f  $368,019.00, of which, 825 
claims were approved by the U S U  f o r  a c o s t  of $58,648.00. 

The Oklahoma Ci ty  Program was i n i t i a t e d  on F s b r u a q  3 ,  1964, and 
terminated on Ju ly  31,  1964, The program was a J o i n t  e f f o r t  of 
t h e  USU, ESASA, and F U ,  and was under t h e  $ m e d i a t e  d i r e c t i o n  
of t he  P u ' s  Supersonic Transport kvelopment  Off ice.  Pd\he per-  
formed t h e  planning,  d i rec t ion,  and managemnt func t ion  and e s -  
t ab l i shed  most of the ope ra t iona l  requirements .  NASA p a r t i e i p a -  
&ion  was p r imar i ly  t echn ica l  inc luding  s t r o c t w a l  instrumenta- 
t i o n  and overpressure d e t e c t i o n ,  The USm provided a i r c r a f t  sup- 
p o r t  and adjudica t ion  and pawent of c la ims  fo r  a l l  sonic  boom 
damage i n  t h e  Oklahoma C i ty  Study a rea .  



The p u b l i c  r eac t ion  was obtained through the  e s t a b l i s h m n t  of a 
telephone c o w f a i n t  cen te r  and per iodic  publ ic  opinion polls ac- 
c o q l i s h e d  by the  National w i n i o n  &search Center of the Uni- 
v e r s i t y  of Chicago. S t ruc tu ra l  r eac t ion  t o  the sonic boom was 
evaluated by a l o c a l  engineering f irm, Andrews Associates, Ins., 
which inves t iga ted  t h e  response of severa l  t e s t  hauses. $Ad%- 
t i o n a l  s c i e n t i f i c  support was provided by Oklahma S ta te  Univer- 
s i t y .  The Remer t  Adjustment Company of Oklahoma City, ac t ing  
under con t rac t  t o  t h e  FAA, received a l l  a l leged damage and com- 
p l a i n t  telephone c a l l s ,  conducted inves t iga t ions  of c la ims ,  and 
forwarded t h e i r  f indings and r e c  ndations t o  the  Judge Advocate 
General 's  Office,  Sinker A i r  Force Base, Oklahoma City. %is of-  
f i c e  then accomplished f i n a l  adjudica t ion  and claims payment sub- 
j e c t  t o  normal review and appeal procedures standard with the  
United S ta tes  A i r  Force. 

The o v e r a l l  opera t ional  aspects  of the  Oklahoma City program a r e  
sumar ized i n  Table I, 

TABLE I \ 

Beginning Date February 3, 1964 

Termination Date July 30, 1964 

Total  Scheduled Supersonic F l i g h t s  1394 

Total  F l i g h t s  Cancelled 141 

Total  P l i g h t s  C o q l e t e d  1253 

Scheduled P l i g h t s  Per Day 8 

Standard F l i g h t  Schedule 

Scheduled h e r p r e s s u r e s  l , 3 ,  1 - 5 ,  and 2 - 0  psf  

I n  i n i t i a t i n g  the  study program, there  was a gradual build-up t o  
the  sonic boom overpressure objec t ives .  A t  the  start of the  pro- . 
gram, the re  was only one f l i g h t  per  day with a scheduled overpres- 
sure  of one p s f ,  This was increased slowly t o  a schedule of e igh t  
f l i g h t s  per  day at one psf and then t o  e i g h t  f l i g h t s  a t  a s ~ k e d u l a d  
overpressure sf  1 .5  ps f .  ZZlie opera t ional  l e v e l  was reached a f t e r  
approximately three  weeks. m e n  the re  was a similar increase from 



6.5 psf r~ two psf which was a c c q l i s h e d  i n  a manner t o  ensure 
con t ro l l ed  t r a n s i t i o n ,  me a i r c r a f t  u t i l i z e d  i n  the  program 
were the  F-101, F-104, P-106, and the  B-58, &)uring the  26 weeks 
of the  p rogrm,  15,452 kefephone c a l l s  and l e t t e r s  were received 
by the  c o q l a i n t  center ;  of these ,  9,932 a l leged damage, Pour 
thousand nine hundred and one damage claims were f i l e d  f o r  a 
value of $2,492,577; of these,  289 were approved f o r  $l9,355.00. 
Also as  a r e s u l t  of t h i s  t e s t  program, seven lawsuits  were f i l e d  
agains t  t h e  United S ta tes  and the  Government was Joined as  a 
t h i r d  pa r ty  defendant by insurance companies i n  two other  ac t ions .  
Three of t h e  cases  agains t  the  United S ta tes  were f i l e d  while 
t h e  t e s t  program was i n  progress seeking in junct ions  t o  s top the  
program. The remaining cases sought compensation f o r  property 
damage a l legedly  caused by the  sonic booms. 

The th ree  in junct ion  s u i t s  seeking t o  h a l t  the  program were d i s -  
missed and t h e  program continued without in te r rup t ion .  I n  the  
remaining s i x  cases,  which seek compensatioh f o r  al leged damages, 
the  d i s p o s i t i o n  i s  a s  follows: (1) The Government has success- 
f u l l y  defended th ree  s u i t s  t o t a l i n g  $101,268,9%,00, (2) the  
p l a i n t i f f s  have received compensation i n  two s u i t s  t o t a l i n g  
$133,257.00, and (3) one s u i t  fo r  $5,439.00 i s  awaiting t r i a l .  

The t o t a l  c o s t  of t h i s  program including a i r c r a f t  support and 
payment of claims was $1,039,657.00. 

The S t ruc tu ra l  Reaction Program was conducted during the  period 
November 18, 1964, through February 15, 1965. This program was 
designed t o  determine s t r u c t u r a l  response c h a r a c t e r i s t i c s  f o r  
overpressures ranging from 2.0 t o  28.0 psf and cumulative s t r u c t -  
u r a l  e f f e c t s  from repeated boom r e s u l t i n g  from f l i g h t s  a t  a f r e -  
quency of 30 per  day. This study, conducted a t  the  White Sands 
Miss i le  Range, New Plexico, consisted of two phases. The f i r s t  
phase began on November 18  and r a n  through beember 15, 3.964, and 
generated a t o t a l  of 615 sonic booms. The nomPhaf overpressure 
ranged from 2.0 psf through 16.0 psf progressing a t  scheduled 
increments of 2.0 ps f ,  Thi r ty  f l i g h t s  were scheduled f o r  each 
overpressure l e v e l .  TIfe second phase began January 15, 1965, 
and ended February 15, 1965, A t o t a l  of 879 booms were generated 
during t h i s  period. The cumulative e f f e c t  of sonic boom was ex- 
plored by exposing s t ruc tu res  t o  680 sonic booms a t  a nominal 
overpressure of 5,0 p s f ,  A t o t a l  of 76 f l i g h t s  were conducted 
t o  obta in  da ta  on the  e f f e c t s  s f  focusing of sonic booms due to 
a i r c r a f t  maneuvers, 

Sixteen types s f  s t ruc tu res  were ineluded i n  the  t e s t ,  seven s f  
which were b u i l t  spscificr%%ly fo r  t h i s  program. Five t p e s  s f  



pLasker, f n t e a j t s r  i: a,!-,.hkngs and. 8 v a r i e t y  of comerc i a l  g lass  
i n s t a l l a t i o n s  t t c : ~ .  s tud ied  dur ing  t h e  two phases, P r i o r  t o  p s s -  
g r m  in i tha t icar ,  7 tho~clagh engineering inspectiow. was conducted 
f o r  each s t ruc tu re  t~ c c t a b l i s h  a  s t a t e  s f  r e p a i r  and o v e r a l l  
condi t ion ,  D a i l y  i n ~ o c e t i n n s  were conducted a t  30 minute in te r -  
vals  s n  each :F C h k  -t-=.:~ctiires 'by a 22-man engineering team, 

Subsidiary tes t  nk jcc t i v e s  included t h e  de te rmina t ion  of t he  e f -  
f e c t  of sonic  bocms on t h e  h a t c h a b i l i t y  of chicken eggs;  human 
hear ing  impairment 01- adverse phys io logica l  e f  f  e c t s  caused by 
sonic  boom a t  h igh  overpressure l e v e l s ;  and sonic  beom charac-  
t e r i s t i c s  assoc ia ted  wi th  a i r c r a f t  maneuvers. The t o t a l  c o s t  of 
t h i s  progrann isrc%rrding cons t ruc t ion  of t e s t  s t r u c t u r e s  and a i r -  
c r a f t  suppore was i511,1@0.00. 

d.  Edwards A i r  Fsrcr I?'sse 
--<-- -- 

The Sonic Boom Experiments a t  Edwards A i r  Force Base, Ca l i fo rn i a ,  
were a  j o i n t  e f f o r t  under t he  management of t h e  USM, funded by 
the  FAA wi%h t h e  NASA, ESSA, and USDA participatMng. The general  
ob jec t ives  of these experiments were: 

1. To measure :he j;jd@ents of t he  r e l a t i v e  a c c e p t a b i l i t y  of 
sonic  booms and no Lee of var ious  i n t e n s i t i e s  from var ious  
types a$ s,Lw--:iP 

2 ,  To deterrr i j~n~ ;EL r - ~ p o n s e  ef  " typica l"  house s t r u c t u r e s  t o  
sonic  booms hwrAn.- d i f f e r e n t  s igna tu re  c h a r a c t e r i s t i c s .  

3 .  To o b t a i n  dctxiled measures of s o d c  boom s igna tu re s  a s  
func t ions  sf the type of a i r c r a f t ,  mode of opera t ion ,  and 
the  atmosphere t h r s ~ g h  which t h e  wave was propagated. 

4.  To observe tbs response of animals $0 t he  sonic  booms, 

The a i r c r a f t  used during this:  program were the  m-70, SR-71, 
P-12, B-58, F-164, F-161, KC-135, WC-l35B, and Cessna 150. A 
t o t a l  of 367 supersonic f l i g h t s  and 26% subsonic f l i g h t s  were 
accawl i shed .  A dzEai2ed breakdown of t h e  f l i g h t s  appears on 
t h e  fo%low%ng tg'ble, 



XB-70 20 BLIMP 6 

F-104 124 

' F-106 1 8  

TOTAL 367 

\ 

TOTAL 261 

The t o t a l  c o s t  of t h i s  program, inc luding  t h e  s a l a r i e s  of t h e  
observers ,  cons t ruc t ion  of t e s t  houses, c laims,  and a i r c r a f t  
support  was $2,151.00,00. 

The c o s t s  of t he  four  r e sea rch  programs i s  summarized i n  
Table 111. The programs a r e  l i s t e d  i n  order  of increased  
complexity of t h e  t e s t  ob jec t ives ,  As i s  t o  be expected, t h e  
c o s t  of sonic  boom o v e r f l i g h t  experiments increased a s  a func- 
t i o n  of t he  d i v e r s i t y  of t h e  experiment and a s  a r e s u l t  of 
using advanced a i r c r a f t .  

Sonic Boom Research Costs 
($ i n  thousands) 

St .  Louis 

White Sands P ro j ec t  

Oklahoma Ci ty  Pro j e e t  

Edwards bbPB 

$1,039.7 

TOTAL $3,860.1 



The i n s t r m e n t a t i o n  used t o  measure the sonic boom overpressures 
descr ibed  i n  Sect ions EPP and I V  was t h e  culminat ion s f  maw years 
of e f f o r t  because of the  s p e c i a l  c h a r a c t e r  of the sonic boom m a s u r e -  
ment problem. The spectrum s f  the sonic boom N wave conte ins  appre- 
c i a b l e  energy a t  f requencies  i n  t h e  order  of 0 - 1  Hz up t o  s eve ra l  
thousands Hz and hence s tandard ins t rumenta t ion  was not  adequate 
without  ex t ens ive  modi f ica t ions .  The development s f  t h i s  instrumenta-  
t i o n  i s  descr ibed  by Hi l ton  and Neman i n  Reference 13. General ly ,  
t h e  microphones used a s  t h e  measurement systems were requi red  go have 
e s s e n t i a l l y  f l a t  frequency response from nea r ly  Bee ,  t o  t he  upper 
frequency range,  I n  a l l  of these  record ing  systems, it was necessary  
t o  have e w e r i m e n t e r s  i n  at tendance t o  ensure con t inua l  ope ra t ion  and 
proper  func t ioning  of recording e q u i p m n t .  

Recent ly,  a m a n s  of ob ta in ing  random sonic boom o v e r f l i g h t  d a t a  from 
unattended record ing  equipment has  beebl developed. p e  i n s t r m e n t  i s  
r e f e r r e d  t o  a s  a t r a n s i e n t  d a t a  recorder  (TDR) and i s  c u r r e n t l y  be ing  
used in t h e  PendLeton atmosphergc program ind ica t ed  on Figure 1. A 
p i c t u r e  of t h e  t r a n s i e n t  d a t a  recorder  i s  shown i n  Figure 27, The 
ope ra t ion  of t h e  measurement equipment has  been descr ibed i n  d e t a i l  
by Power i n  Reference 14. $he recorder  i s  se l f -conta ined  and micso- 
phones a r e  l oca t ed  a t  d i s t ances  up t o  500 f e e t  from t h e  recorder .  
There a r e  t h r e e  microphone pickups used wi th  each recorder  and upon 
a r r i v a l  of a sonic  boom, one of t he  t h r e e  microphones a c t i n g  on an  
overpressure threshold  sensor a c t i v a t e 8  t h e  equ ipmnt  f o r  each of 
t h e  t h r e e  acous t i c  d a t a  channels.  m e  r eco rde r  u t i l i z e s  t h r e e  equa l ly  
spaced record  heads on a cylindrical. drum which cont inuously r o t a t e s  
i n s i d e  an open loop of tape.  When t h e  s i g n a l  on the  threshold  mike 
exceeds a predetermined va lue ,  a record ing  c nces and contbnues 
f o r  1 .4 seconds, Af te r  t h e  record ing  i n t e rva l  the  recorded $ape i s  
t r a n s f e r r e d  t o  a s torage  r e e l  while  a new tape  i s  pos i t ioned  from a 
supply r e e l .  By t h i s  mode of opera t ion ,  the  tape i s  advanced only 
dur ing  t h e  a c t u a l  recording of a s igna tu re  arid the expenditure  of 
l a r g e  s m u n t s  s f  magnetie tape  while  wai t ing  for a sonic  boom i s  
avoided. As a r e s u l t  of t h i s  f e a t u r e  a t  %east  808 in depend en^ events 
may be recorded on a s i n g l e  r e e l  of t ape ,  A t y p i c a l  TDR recording 
of am N wave i s  shown i n  Figure 28. It i s  observed that a t  the  end 
of t h e  record ing  per iod ,  a c a l i b r a t i o n  s i g n a l  i s  % p o s e d  gkving ba th  
the  a w l i t u d e  of t h e  sonic  boom overpressure and t h e  du ra t ion  which 
i s  der ived  from a lOOms,%iOI-Pz square wave s i g n a l ,  I n  a d d i t i o n  t o  t h i s ,  
t h e  d a t e  and time of day a r e  a l s o  recorded,  'lrtze t r a n s i e n t  data re- 
corder  with 99 pickup microphones i s  c w r e n t l y  being used i n  t he  a t -  
mospheric e f f e c t s  t e s t  program a t  Pendleton, &e,  '%hey have been a r -  
ranged i n  bo th  a checkerboard a r r w  and I n  a t w o - m i l e  l i n e a r  array,  
Because these r eco rde r s  can opera te  unattended, i t  i s  poss ib l e  t o  
u t i l i z e  random m f l i t a r y  o v e r f l i g h t s  as the source of khe sonic  boom 
genera t ing  a i r c r a f t  and t h e  need f o r  spec ia l  o v e r f l i g h t s  i s  avoided. 
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T%e b a s i s  of w e s t  sonic boom s ignature  p red ic t ion  methods r e l i e s  on 
the  developments by G ,  I?, b%ithm described f n  Reference 15 azid sup- 
p lemnted  by the  procedures of Mayes (Reference 16). 'Ehese two bas ic  
works have prsv ided  the  foundation f e r  a q u a s y - l i n e ~ r  theory which 
can def ine  the  sonic booms s f  l i f t i n g  a t r c r a f t  conf igura t ions  i n  a  
uniform atmosphere a t  some dis tance  from the  a i r c r a f t ,  Before these  
t h e o r e t i c a l  methods could be u t i l i z e d  t o  c a l c u l a t e  s ignatures  f o r  
c o w a r i s o n  with the  e q e r i m e n t a l  ove r f l igh t  measurements described 
i n  Section III, it  was necessary t o  develop procedures f o r  c a l c u l a t i n g  
t h e  propagation of the  sonic boom from the  a i r c r a f t  t o  the  ground 
through r e a l  atmospheres. One of the  ea r ly  methods f o r  computing the  
propagation of sonic booms through r e a l  atmospheres was described by 
Kane and Palmer i n  Reference 4. That method was modified by Friedman 
a s  described i n  Reference 17 and a l s o  by Kane i n  Reference 18. 

I n  view of the  complexity of these  highly numeeical kechnbques, it 
was d i f f i c u l t  t o  make d i r e c t  comparisons and reso lve  d i f fe rences  t h a t  
accrued from u t i l i z i n g  the  d i f f e r e n t  programs. Accordingly, a  study 
was undertaken by Pfayes and o the r s  under con t rac t  t o  the  NASA t o  
c l a r i f y  the  confusion e x i s t i n g  i n  the  area  of sonic boom propagation 
t h e o r i e s ,  This con t rac t  e f f o r t  culminated i n  the  development of a  
sonic boom propagation technique and c w u t e r  program described i n  
Reference 19. The procedure i s  based on l i n e a r  geometric acoust ics  
and uses an age va r i ab le  t o  def ine  the  non-linear e f f e c t s  on the  shape 
of the  sonic boom pressure s ignatures .  By so doing, the  r e s u l t s  can 
be computed i n  the  form of c o w l e t e  s ignatures ,  independent of f a r -  
f i e l d  assumptions necessary i n  other  techniques. A s  a  r e e u l t ,  it i s  
poss ib le  through t h e  use of the  new program t o  observe the  progression 
of the  s ignature  shape development with d is tance  from the  a i r c r a f t  i n  
s teady f l i g h t ,  a s  a function 0% a i r c r a f t  maneuvers and with standard 
o r  non-standard r e a l  atmospheric e f f e c t s .  

A recent  inves t iga t ion  (Reference 201, by Naefel i ,  has u t i l i z e d  
the  new method t o  evaluate the  e f f e c t s  of d i f f e r e n t  a t m s p h e r i c  
condit ions and a i r c r a f t  maneuvers. One r e s u l t  of theee ca lcula-  
t i o n s  i s  shom i n  Figure 29. I n  t h a t  f igure ,  the  Mach number e f -  
f e c t s  on the  over r e s su re  f o r  an F-104 a i r c r a f t  a r e  presented i n  

of A P s  an ard where the  standard value i s  t h a t  
f o r  a  Mach number o f  '1 29. On the  f igure ,  the  overpressure var-  
i a t i o n  with Mach number i n  a  uniform atmosphere without winds i s  
shom as the  lower curve. m e  value i n  a  standard atmosphere 
without winds i s  a l so  cowsred  with the  r e s u l t s  obtained by 611)- 
plying the co r rec t ion  fhe to r ,  KA, t o  uniform atmosphere curve by 
the  method described i n  Reference 4 ,  It i s  shom tha t  over the 
Mach number range indica ted  and fo r  t h i s  spec i f i c  a i r c r a f t  the  



s STANDARD ATMOSPHERE 
@ 

--....-we KA X UNIFORM NMOSPHERE 

D -.- - e UNlFORM ATMOSPHERE 
...IL..L.-- HlGH ALTITUDE WIND SHEAR 

D 
I (& P~~~~~~~ AT 11111 t .25, h 40,000 FTQ 

MACH NUMBm EFFECTS ON OVERPRESSURE RATBOS: F - 10 4 



b f e r e n c e  4 technique g w e  peak overpressure values which were 
e s s e n t i a l l y  cons i s t en t  with those of the  Reference 19 method. 
Also presented on t h i s  f igure  a re  ca lcu la t ions  sf the  sonic 
boom i n  the  presence of the  high a l t i t u d e  wind sheer p r o f i l e .  
Examination of the  rr;ly tube areas f o r  t h i s  c a l c u l a t i o n  indi -  
ca ted  t h a t  a t  a Mach n u d e r  of 1.3 focusing occurred jusk 
above the  ground l e v e l .  This i s  a r e s u l t  of the  l a rge  wind 
decrement between a i r c r a f t  a l t i t u d e  and the  ground and y i e l d s  
the  very l a rge  overpressure r a t i o s .  

b. While the  new computational procedure compared well  with the  
procedure of Reference 4 i n  the ca lcu la t ion  of peak overpres- 
sures ,  the  computations shown i n  Figure 30 demonstrate an area  
of p o t e n t i a l  refinement by the  Reference 19 technique. I n  
Section I I I . c . ,  it was mentioned t h a t  t h e o r e t i c a l  methods pre- 
v ious ly  used overestimate the  s ignature  length. I n  Figure 30, 
a  comparison between the  s ignature  length computed by the  two 
techniques i s  shown as  a  function of Mach n u d e r  i n  terms of 
t h e  s ignature  length  parameter Lsignature/Lai\rplane. For the  
two represen ta t ive  a i r c r a f t  chosen, namely t h e  F-104 and the  
SCAT 15-F, i t  i s  seen t h a t  the  computations using the  uniform 
atmosphere, KA, tends t o  give increas ingly  longer s ignature  
lengths a s  a  function of Mach number than the  lengths  computed 
by the  new Reference 19 method. I n  f a c t ,  the  new procedure 
g ives  s ignatures  which a r e  a s  much a s  20 percent  shor te r  than 
those computed by the  previous method. This r e s u l t  i s  cons i s t en t  
with much experimental da ta  p a r t i c u l a r l y  a t  the  higher Mach numbers. 

The most s a l i e n t  d i f ference  between the new mthod  and t h e  pre-  
vious methods may be explained i n  terms of the  amount of signa- 
t u r e  d i s t o r t i o n  which is  governed by an age va r i ab le ,  . The 
age va r i ab le  i s  an i n t e g r a l  which i s  proport ional  t o  the  d is tance  
from the  a i r c r a f t  and inversely propor t ional  t o  the  square root  

e r i c  dens i ty  times the  ray  tube area ;  

Tkis age va r i ab le  represents  the  e m u l a t i o n  of the  weak non-linear 
e f f e c t s  which r e s u l t  i n  the  formation and merging of shock waves. 
I n  t h i s  Figure 31, the  e f f e c t s  of s ignal  aging a r e  shown fo r  a  . 
standard atmosphere and a re  compared with r e s u l t s  obtained from 
a uniform a tmsphere  ca lcu la t ion .  Also shown a r e  the  ray  tube 
area  va r i a t ions  with a l t i t u d e .  'It is observed during the  propa- 
ga t ion  from 88,000 f e e t  t o  the  ground, t h a t  the  r ay  tube areas 
a r e  e s s e n t i a l l y  l i n e a r  with a l t i t u d e  and tend t o  devia te  s l i g h t l y  
a t  the  lower a l t i t u d e s  because s f  the increased dens i ty .  A 
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s i g n i f i c a n t  d i f ference ,  however, i s  noted i n  the  age variEible 
which fo r  the  standard atmospheric ca lcu%at ioa  tends t o  an 
a s m t o t i c  l i m i t ,  I n  fact ,  t he  value of the  age va r i ab le  a t  
approximately one atmaspheric ssele he ight  (i,e,, i n  t h i s  case,  
50,000 f e e t ) ,  below the  a i r c r a f t  i n  a uniform atmosphere i s  
approximately equal t o  the  a s p p t o t i c  value of the  age v a r i -  
able  i n  t h e  s t a d a r d  atmosphere, 'Fkis ind ica tes  t h a t  the  
a s m t o t i c  age i n  the  r e a l  atmosphere has a  f i n i t e  l i m i t  and 
s ignature  d i s t o r t i o n  need not continue i n  a l l  cases  t o  the  
c l a s s i c  N wave, I n  the  uniform atmosphere, however, the  age 
va r i ab le  increases  without l i m i t  and the  a s m t o t i c  so lu t ion  
always y i e l d s  an 69 wme. From a  p r a c t i c a l  s tandpoint ,  t h i s  
irmplies t h a t  "FtP functions which a re  designed t o  produce unique 
s i g n a t w e  c h a r a c t e r i s t i c s ,  such as  the  f i n i t e  r i s e  time signa- 
tu res ,  may i n  f a c t  propagate t o  the  asymptotic form and then 
proceed t o  the  ground without fu r the r  d i s t o r t i o n .  

d .  Maneuver Calculat ions 

A s  was mentioned previously,  the  $rogrm permits  the  
inc lus ion of any type of maneuvers i n  a l l  planes and w i l l  
y i e ld  the  ground shock i n t e r s e c t i o n  p a t t e r n s  and signature 
shapes. Since i t  i s  based on acoust ic  theory, however, it 
w i l l  p red ic t  the  locat ion  of foca l i za t ion  but not  the  magni- 
tude of the  overpressures. 

An addi t ional  f a c t  t h a t  has been developed i n  the  Reference 28 
ca lcu la t ions  i s  t h a t  the  changes i n  overpressure due t o  an a i r -  
c r a f t ' s  maneuvers may be a strong function of t h e  a i r c r a f t ' s  
c h a r a c t e r i s t i c s .  'Eplis was observed i n  ca lcu la t ions  using two 
d i f f e r e n t  a i r c r a f t ,  (and hence two d i f f e r e n t  '~ '"unctions)  , 
which executed the  sam aaneuver but  experienced a q l i f i c a t i o w  
fac to r s  d i f f e r i n g  by ae much as  100%. 'Fg%da i s  i l l u s t r a t e d  by 
the  r e s u l t s  presented i n  Figure 32 which shms t h e  change i n  
overpressure during a pushover for  the  F-104 and the  SCAT 15-F. 
For the  F-104, t he  Leading shack i s  much stronger i n  the push- 
over, nL = -0.5, than i n  l eve l  f l i g h t ,  ~rhereas  f o r  the  SCAT 15-F, 
the  leading shocks a r e  nearly t h e  same. For both a i r c r a f t  the  
shapes of the  s ignatures  a r e  af fec ted  g rea t ly  by the pushover 
which i n  t u r n  i s  an i d i c a t i o n  s f  the  s e n s i t i v i t y  of the  ray  
tube area  t o  the  r a t e  s f  change of f l i g h t  path angle. It must 
be pointed out  t h a t  c o q u t a t i o n  of maneuver c h a r a c t e r i s t i c s  can 
only be a s  r e l i h l i e  as  the input da ta .  '16his msans t h a t  the  "P" 
function must be c o n t i n u o u ~ f y  yardable a s  a  function of many 
parameters, such as :  Mach number, load f a c t o r ,  angle 0% a t -  
tack, e t c a  I n  the  ca lcu la t ion  t o  da te ,  the  IsF" function v a r i -  
a t ions  have been aceornodated by s i q l i f y i n g  assu%p$tions i n  
l i e u  of a procedure fo r  r ap id ly  developing a muf%fp%ieity o f  
nFT"gulaceions. k c ~ r d i n g l y ~  t h i s  fact  should be recognized a s  
a Iimgtatisn o f  the theoret ical  sonis  boom pred ic t ion  m t h s d s ,  
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m e  sonie boom overflight programs described i n  the  preceding 
sec t ions  ha~re generated a broad howledge and understanding sf 
the  bas ic  Bundamntala of sonic boom generation, propagation, m d  
physical  e f f e c t s  on s t r u c t u r e s .  me m j o r i t y  s f  the opera t ional  
and manewer r e l a t e d  sonic boom c h a r a c t e r i s t i c s  a r e  s u f f i c i e n t l y  
wel l  defined t o  preclude any unexpected r e s u l t s  due t o  the  over- 
f l i g h t  of supersonic a i r c r a f t .  Further  information i s  needed t o  
i d e n t i f y  the  in te rac t ions  of sonic boom with atmospheric inhorn- 
geneikfes and t o  def ine  psychoacsustie accep tab i l i ty .  One a rea  
which appears promising i s  t h e  u t i l i z a t i o n  of the  recent  knowledge 
of s ignature  aging t o  design acceptable s ignatures ,  most probably 
s ignatures  with long r i s e  times, o r  what has been re fe r red  t o  a s  
"bangless booms, (or "boomless bangs" f o r  those e a s t  of the  
At lant ic  Ocean.) 
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